Based on the three-dimensional GBSBCM (geometrically based double bounce cylinder model) channel model of MIMO for unmanned aerial vehicle (UAV), the simple form of UAV space-time-frequency channel correlation function which includes the LOS, SPE, and DIF components is presented. By the methods of channel matrix decomposition and coefficient normalization, the analytic formula of UAV-MIMO normalized correlation matrix is deduced. This formula can be used directly to analyze the condition number of UAV-MIMO channel matrix, the channel capacity, and other characteristic parameters. The simulation results show that this channel correlation matrix can be applied to describe the changes of UAV-MIMO channel characteristics under different parameter settings comprehensively. This analysis method provides a theoretical basis for improving the transmission performance of UAV-MIMO channel. The development of MIMO technology shows practical application value in the field of UAV communication.
Introduction
With the continuous development of UAV in the recent years, it is applied much more widely than ever before. The high-performance mission payload has also placed higher requirements on the communication capacity of UAV data link. However, the traditional UAV-SISO (single-input singleoutput) data link restrains the quick, accurate, and vast information exchange between UAV and the ground. As MIMO (multi-input multioutput) technology can improve the communication system capacity with increasing spectrum resource expensing and emission power [1] , the application of MIMO technology in UAV data link is a new method to improve the communication capacity of UAV. The characteristics of UAV-MIMO channel influence the performance of UAV-MIMO data link to a great extent; therefore, the characteristic analysis on UAV-MIMO channel presents great significance in applying MIMO technology to UAV data link.
Research on the application of MIMO technology in aircraft communication system has been proposed in recent years [2] [3] [4] [5] [6] . Literature [2] has researched on the characteristics of the capacity of MIMO data link in aviation, but it only considered the diffuse function. Literature [3] has studied the problem of antenna being shielded by the fuselage in the maneuvering flight of aircraft and put forward a scheme which could realize the reliable communication between aircraft and the ground by using multiple antennas and spacetime coding technology, but its performance analysis was based on the white Gaussian noise channel without considering the modeling analysis on the aeronautical communication channel. Literature [4] presented the method of applying the combination of beam forming and differential spacetime modulation technique to aeronautical communication and the angle of arrival and BER performance have been analyzed, but it also did not take the modeling analysis on the aeronautical channel into consideration. Literature [5] has made allowance for the spatial correlation and the shielded antenna and put forward the parametric statistical model of the multiantenna communication channel of an unmanned helicopter, but the model failed to consider the influence of the antenna array structure at the transmitting and receiving 2 The Scientific World Journal parts. Literature [6] established the GBSBCCS (geometrically based single bounce concentric cylinder scattering) wideband transmitting model, but it just made analysis on the correlation of UAV-MIMO channel diffuse transmitting model.
According to the characteristics of the actual communication environment of UAV, in this paper, it mainly studies the downlink channel of UAV data link and establishes a three-dimensional GBSBCM UAV-MIMO channel model. Based on the method of channel matrix decomposition and channel coefficient normalization, the formula of UAV-MIMO normalized average channel correlation matrix is deduced. Through the analysis on the channel capacity and the condition number of matrix as well as other characteristic parameters, comparative analysis on the changes of channel characteristics under different parameters has been made, namely, the different antenna layouts, different transmission distance, different positions of diffuser, and so on. In the analysis, both the UAV and the ground control station are in the two-element antenna array models, and the analysis results can be extended to any multielement antenna array.
The layout of this paper is as below. Section 2 establishes the three-dimensional GBSBCM channel model of UAV-MIMO with LOS, SPE, and DIF components; Section 3 describes the characteristic parameters of MIMO channel; Section 4 presents the simple form of space-time-frequency channel correlation function and the expression of normalized channel correlation matrix is deduced; Section 5 makes simulation analysis on the characteristics of UAV-MIMO channel; Section 6 presents the conclusion.
UAV-MIMO Channel Model
The traditional aeronautical MIMO channel is mainly divided into LOS (line-of-sight) and SPE (specular) components [2, 7] , but UAV communication channel includes strong LOS and SPE components as well as some DIF (diffuse) component [8] . Therefore, aeronautical communication channel cannot be used to characterize UAV-MIMO channel perfectly. The in-flight UAV is far from the ground control station and a big height difference exists in between; the ground control station is surrounded by diffusers, so that it can be considered to be in the center of diffuse environment. As the height of the ground control station is much lower than that of the surrounding mountains or large buildings as well as other diffusers, the existence of pitching angle cannot be ignored. According to the research of literature [9] [10] [11] [12] [13] , if an obvious height difference exists between the transmitting station and the receiving station, diffusers are distributed around the receiving station and the pitching angle exists; "circular" diffuse model can be used to describe the statistical characteristics of the channel. Relevant measurement results have also proved the reasonability [12, 13] of the circular distribution of diffuser. Therefore, combined with the characteristics of UAV communication environment, the UAV-MIMO transmission model with LOS, SPE, and DIF components which is constructed based on GBSBCM is shown Figures 1 and 2 . Figure 1 : Communication model of LOS and SPE components. Assume that the diffusers (height is ) are uniformly distributed in the circle which regards the midpoint of the ligature of the receiving antennas (height is ) as the center with a radius of ; the flight height of UAV is and the horizontal flight distance is . Define the coordinate system as follows. On plane − , the tangent circle regards the midpoint of the ligature of the two antennas of the receiving station as the center; the projection of the center of UAV circular array antenna on plane − is which is the origin of the coordinate system; connect − as the axis and − as the axis ; UAV coordinate axis coincides with axis , plane − is parallel to the plane − ; axis and axis of the receiving coordinate system coincide with each other; plane − is parallel to plane − ; thus the transmitting coordinate system − , receiving coordinate syst − and coordinate − all have the same properties of parallel. In this coordinate system, the pitching angle and the azimuth angle of the ligature of UAV transmitting antennas are and , respectively. Those of the ligature of the ground receiving antennas are and , respectively. is the number diffuser; the pitching angle and the azimuth angle of diffuse component from UAV are , The Scientific World Journal 3 and , . After being diffused, it reaches the ground station with the pitching angle and azimuth angle of , and , , respectively.
The model not only considers the flight height, the horizontal flight distance, and the attitude angle of UAV as well as other flight parameters, in the height of ground receiving station, the angle of receiving antennas, and the diffuse radius and height as well as other diffuse parameters of the environment but also considers the various components of the channel, making it consistent with the real environment to a great extent. This model not only meets the application requirements but also reflects the characteristics of UAV-MIMO channel.
Characteristic Parameters of MIMO Channel

Condition Number.
The condition number of channel matrix can reflect the correlation between the condition of MIMO channel matrix and the component channel, which is defined as the ratio of the maximum and minimum characteristic values of channel matrix H and can be expressed as [14] Condition
In the MIMO system, its meaning is the closer the condition number approaches to 1, the better the transmitting conditions of each parallel component channels and the quality of MIMO channel will be; the larger the ratio is, the poorer the quality of the channel will be. Therefore, through analyzing the condition number of MIMO channel matrix, we can get better understanding of the channel.
Channel Capacity.
According to the Shannon theory, if the channel of the transmitting station is unknown and the channel coefficient is fixed, the channel capacity of MIMO system with transmitting antennas and receiving antennas can be expressed as [1, 2] 
where SNR is the signal-to-noise ratio; H is the channel correlation matrix of × ; H * is the conjugate transpose of H. If the channel coefficient is a random variable, the channel capacity mentioned above is the instantaneous channel capacity. Then, the ergodic capacity can be used to describe the channel capacity, namely, acquire the average channel capacity by calculating the average value of all the channel coefficients, which is expressed as
Normalized Correlation Matrix of UAV-MIMO Channel
The time-frequency channel coefficients of the LOS, SPE, and DIF components of UAV transmitting antenna-ground receiving antenna component channel ℎ ( , ) can be expressed as
In these expressions, , , , and ( ) represent the scaling factor, pass loss, and pass delay of the LOS, SPE, and DIF components of the transmitting antenna-receiving antenna channel in the total received power as well as the function of phase deviation caused by the Doppler frequency shift due to the movement of transmitting path, the transmitting station, and the receiving station, respectively. represents the stochastic gain caused by the number diffuser between the transmitting antennas and the receiving antennas. According to the expressions (1)∼(3), the key part of the characteristic analysis on MIMO channel is to obtain the channel correlation matrix H. From expressions (4), we can see that the UAV channel coefficients are random variables, and thus the average channel characteristics can be obtained by calculating the average channel correlation matrix.
Space-Time-Frequency Correlation Function.
In the condition of WSSUS (wide sense stationary uncorrelated scattering), assume that the probability density functions of the pitching angle and azimuth angle of the ground receiving antenna diffuse obey Von-Mises [15] distribution model and composite parameter [16] model. Associated with the UAV-MIMO channel model, take the transmission channel between the transmitting antenna and and the receiving antenna and as the example, the space-time-frequency correlation function of the LOS and SPE components can be simplified as
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Among them, 0 = 2 / is free space wave number and is the free space wavelength. and represent the spacing between transmitting antennas and receiving antennas, respectively; LOS and SPE are the ranges of LOS and SPE correlation functions; LOS (Δ , Δ ) is the function of phase change caused by time and frequency change; Δ and Δ are the functions of variables, which conforms to LOS (0, 0) = SPE (0, 0) = 0.
According to the space-time-frequency correlation function of DIF mentioned in the literature [6] , the space-timefrequency correlation function of DIF component can be further simplified as 
0 (⋅) represents the zero-order Bessel modified function of the first kind; is the angle spread factor of Von-Mises distribution; 0 is the mean value of the azimuth spread of ground receiving station of DIF; ( , ) is consistent with composite parameter distribution model; DIF is the range of DIF correlation function; DIF (Δ , Δ ), (Δ , Δ ),and (Δ , Δ ) are also the functions varying with Δ and Δ , which meets the condition of
4.2. Channel Matrix Decomposition. UAV-MIMO channel correlation matrix H can be decomposed into
In this part, H LOS , H SPE , and H DIF represent the average channel correlation matrix of LOS, SPE, and DIF components, respectively; LOS , SPE , and DIF represent the scaling factor of LOS, SPE, and DIF components in the total received power, respectively, which are expressed as
In this part, Γ ∈ [−1, 1] is the SPE coefficient, namely, the ratio of the incident wave and specular wave; Rice ∈ [0, +∞) is Rice factor, namely, the ratio of power values of LOS component and DIF component.
In the UAV two-element array MIMO antenna system, the average channel correlation matrix of LOS component H LOS can be expressed as
In the expression, ℎ ,LOS ( , ), ℎ ,LOS ( , ), ℎ ,LOS ( , ), and ℎ ,LOS ( , ) represent the channel coefficient of the LOS transmitting component from the transmitting antenna to the receiving antenna, respectively. The expressions H SPE and H DIF are similar to that of H LOS ; just replace the channel coefficient of the matrix by the channel coefficients of reflection and scattering components. 
Normalization of Channel
In formula (14) , for example, {ℎ LOS ( , )/ℎ LOS ( , )} can be calculated as To sum up, this method is to divide the channel matrix into the LOS, SPE, and DIF components, and then solve the problem by the normalizing each component, so as to get the required UAV-MIMO normalized channel correlation matrix H.
Characteristic Analysis on UAV-MIMO Channel
Based on the calculation method of UAV-MIMO normalized channel correlation matrix, we can make direct analysis on the characteristics of UAV-MIMO channel. This paper mainly analyzes the influence of UAV multiantenna layout, flight distance, and the position of diffuser as well as other parameters on the condition number of UAV-MIMO channel matrix and channel capacity. In the simulation, assume that the flight height of UAV = 2 Km, horizontal flight distance = 50 Km, the height of the antenna of ground station = 5 m, the height of the diffuser = 300 m, radius of diffuser (from diffuser to receiving antenna) = 3Km, spread average of azimuth angle 0 = /8, angle spread factor = 0, interval of the transmitting antenna and receiving antenna is 10 times of wavelength, azimuth angle and pitching angle of transmitting antennas and receiving antennas are /4, Rice factor Rice = 6 dB; reflectance Γ = −1, and receiving signalto-noise ratio SNR = 16 dB.
Antenna Layout.
Based on the analysis on the influence of antenna layout on UAV-MIMO channel characteristics, we can improve the performance of UAV-MIMO communication through reasonable layout. If the other simulation conditions keep unchanged, the influence of the change of transmitting interval on the condition number of the channel matrix is shown in Figure 3 . Figure 3(a) shows that when the interval of transmitting antenna increases, the condition number of channel matrix will decrease gradually; namely, the channel transmission quality will be improved. Figure 3(b) shows that, along with the increase of the interval of receiving antenna, the condition number of channel matrix will decrease gradually; namely, increasing the interval of the receiving antenna of ground station can also improve UAV-MIMO channel transmission quality. If we set the condition number of channel matrix lower than 5 dB as the index, the interval of UAV aeronautical antenna will be not less than 10 times of wavelength and the interval of ground receiving antenna will be not less than 8 times of wavelength.
The relationship between the interval of transmitting and receiving antennas and the average channel capacity of UAV is shown in Figure 4 . Figure 4 (a) shows the influence of transmitting antenna on average channel capacity of UAV when = 10 ; when < 10 , the channel capacity is in linear growth; and when ≥ 10 , the growth of channel capacity is relatively slow, so we can set the interval of transmitting antenna as about 10 according to the space of the UAV; Figure 4 (b) shows the influence of receiving antenna on the average channel capacity of UAV when = 10 ; along with the increase of the ground receiving antenna, the average channel capacity will increase because the increase of antenna interval reduces the correlation of channels in space but enhances the channel capacity; Figure 4 (c) shows the three-dimensional relation of transmitting antenna, receiving antenna, and the average channel capacity of UAV; when the interval of ground receiving antenna is large, we can increase the channel capacity of UAV through reducing the interval of transmitting antenna, so as to effectively reduce the dependence of the antenna interval on the spatial structure of UAV.
Besides the antenna interval, the azimuth angle and pitching angle of antenna and coordinate system also have great influence on the average channel capacity of UAV. If the other simulation conditions keep unchanged, the influence of the change of the antenna position on the average channel capacity of UAV is shown in Figure 5 . From the influence of the pitching angle and azimuth angle of UAV antenna on the average channel capacity shown in Figure 5 (a), we can see that the average channel capacity of UAV is symmetrical as the pitching angle and the azimuth angle are ranging between [− /2 /2]; the smaller the absolute value of the pitching angle is, the larger the average channel capacity will be; when the azimuth angle is ranging between [0, ± ], the average channel capacity reaches the maximum value, so we can place the UAV antenna horizontally to get a larger channel capacity. From the influence of the pitching angle and azimuth angle of ground antenna on average channel capacity shown in Figure 5 (b), we can see that the average channel capacity is symmetrical as the pitching angle that is ranging between [− /2 /2]; the smaller the absolute value of the pitching angle is, the larger the average channel capacity will be; and the influence of azimuth angle on the average channel capacity can be ignored, so we can place the ground antenna vertically to get a larger average channel capacity.
Flight Distance.
In the process of UAV communication, the flight distance of UAV will influence the effect of communication, so it is necessary to analyze the influence of flight distance on the channel characteristics. If the other simulation conditions keep unchanged, the influence of the change of UAV flight distance on the condition number of the channel matrix is shown in Figure 6 . Figure 6 (a) shows that, when the horizontal flight distance = 50 Km, the higher the flight height of UAV is, the more the condition number of the channel matrix will be and the lower the transmission performance will be; Figure 6 (b) shows that when = 2 Km, the longer the flight distance of UAV is, the more the condition number of the channel matrix will be, and, similarly, the lower the transmission performance will be. If we set the condition number of channel matrix less than 6 dB as the index, the horizontal flight distance should be within 50 Km; Figure 6 (c) shows the three-dimensional relationship of UAV flight height, horizontal flight distance, and the condition number of channel matrix. In realizing the same transmission performance of MIMO channel, we can reduce the flight height to achieve longer flight distance.
The influence of flight distance on the average channel capacity is simulated in Figure 7 , which shows that the average channel capacity will be reduced if the flight distance is increasing. The reason is that the father flight distance reduces the spatial resolution of transmitting signal. So the UAV MIMO is the same with close quarters communications.
Parameters of Scatters.
In UAV communication model, the diffuser increases the multipath components, so the parameters of diffuser influence the UAV-MIMO communication performance. If the other simulation conditions keep unchanged, the influence of the change of diffuser parameters on the condition number of channel matrix is shown in Figure 8 . Figure 8(a) shows that, when the distance from diffusers to the ground station (radius of diffuser) = 3 Km, the higher the height of diffuser is, the more the DIF multipath components will be and the smaller the condition number of channel matrix will be, so the transmission performance of the channel will be improved; Figure 8(b) shows that, when the height of diffuser = 300 m, the larger the radius of diffuser is, the fewer the diffuse multipath components will be and the more the condition number of channel matrix will be, so the transmission performance of the channel will be degraded; Figure 8(c) shows the threedimensional relation of the height of diffuser, the radius of diffuser, and condition number of channel matrix. Among the diffusers within a certain height, we can select the site as close as possible to the position of diffuser to reduce the condition number of the channel matrix, so as to improve the transmission performance of MIMO channel.
The influence of diffuser parameters on the average channel capacity of UAV is shown in Figure 9 . We can see that, in the same interval of antenna, the larger the DIF radius is, the lower the average channel capacity will be. That is to say, the more open the ground is and the further away it is from the diffuser, the weaker the spatial multipath resolution power will be and the smaller the average channel capacity will be; similarly, the higher the diffuser is, the stronger the spatial multipath resolution power will be and the larger the average channel capacity will be.
Conclusion
This paper constructs a three-dimensional GBSBCM channel model of UAV-MIMO. Based on the transmission model, it adopts the method of channel matrix decomposition and normalization to deduce the UAV-MIMO average channel correlation matrix and directly analyzes the influence of UAV multiantenna layout, flight distance, and the position of diffuser and other parameters on the characteristics of UAV-MIMO channel. The simulation results show that, through reasonably arranging the antenna internal and position and adjusting the flight distance of UAV and the site selection of the ground station, the transmission performance of UAV-MIMO channel can be improved, which lays a theoretical foundation for realizing the application of MIMO technology in UAV communication system.
